ABSTRACT. The effects of a maternal protein-calorie malnutrition during gestation and lactation were analyzed on fetal and postnatal lung growth and maturation, including a surfactant fraction isolated from lung tissue. There was a considerable reduction in body weight and in wet and dry lung weights of malnourished pups. Lung protein and DNA concentrations were similar in both groups except in late gestation (lung hyperplasia) and 2 and 1 5 d after delivery (hypocellularity). Lung glycogen breakdown was slowed down in malnourished newborns. Surfactant material was decreased the most perinatally and the reduction was more marked than for the nonsurfactant fraction of the lung. Disaturated phosphatidylcholine, the major surface active surfactant component, was decreased the most a t birth (1.70 f 0.31 nmol/mg wet wt versus 3. 
ABSTRACT. The effects of a maternal protein-calorie malnutrition during gestation and lactation were analyzed on fetal and postnatal lung growth and maturation, including a surfactant fraction isolated from lung tissue. There was a considerable reduction in body weight and in wet and dry lung weights of malnourished pups. Lung protein and DNA concentrations were similar in both groups except in late gestation (lung hyperplasia) and 2 and 1 5 d after delivery (hypocellularity). Lung glycogen breakdown was slowed down in malnourished newborns. Surfactant material was decreased the most perinatally and the reduction was more marked than for the nonsurfactant fraction of the lung. Disaturated phosphatidylcholine, the major surface active surfactant component, was decreased the most a t birth (1.70 f 0.31 nmol/mg wet wt versus 3. Malnutrition may impair lung development and respiratory function at various levels. Malnutrition may, in fact, be both a cause and a consequence of ventilatory impairment in the perinatal lung (1). In infants with bronchopulmonary dysplasia, a syndrome consecutive to mechanical ventilation in neonates with respiratory problems, growth failure is a major difficulty due to increased metabolic demands, and these infants have been reported to be relatively "calorie deficient" (2) . On the other hand, there is general agreement that malnutrition decreases lung oxidative metabolism and anabolic processes including synthesis and secretion of surfactant, the phospholipid-rich alveolar lining material that diminishes lung surface tension and prevents the filling of alveoli with transudate from the capillaries.
Experimentally, the effects of food deprivation upon some lung components representative of surfactant as well as its effects on lung mechanics have been determined in fetal and neonatal rat lungs. A 4-d fasting in the pregnant rat induced a delay in fetal lung maturation characterized by hypocellularity. diminished PC content, decreased glycogen utilization, and lowered surface active properties of surfactant (3, 4) . In addition, the incorporation of precursor substrates such as glucose, lactate, and palmitate into fetal lung phospholipids was reduced (5). In the young rat, dietary deprivation reduced the pulmonary content of phospholipids, especially PC, and slowed down the de novo synthesis of fatty acids (6) , whereas pulmonary elasticity and compliance were decreased (7) . A long-term hypoproteic diet administered to pregnant and lactating rats decreased surface tension properties in the lungs of the offspring (4), whereas DSPC, PG and neutral lipids were markedly reduced in lung tissue (8) . In the young suckling or weaned rat, this led to lung hypoplasia and altered lung mechanical properties with reduced compliance, reduced elasticity, and augmented resistance to rupture (9, 10). The effects of malnutrition on adult lung metabolic responses (6, 1 1, 12) and on lung mechanics (6,7) have also been studied. Contradictory results have been obtained, but as a rule damages have been found to be less severe in adults than in younger animals, whose lungs therefore present a greater susceptibility to malnutrition.
To date, however, the consequences on the composition of surfactant material itself have not been studied. A rapid method to separate this fraction in the developing rat (13) has recently been demonstrated to yield a material that fulfills the criteria necessary to be considered pulmonary surfactant, including potent surface activity (14) . In previous investigations with whole lung analysis, changes in this lung compartment may have been overshadowed by variations in the same components of the 630 GUARNER ET AL nonsurfactant material, which gathers membranes and surfactant precursors. In the present article, we analyze the changes induced by a hypoproteic-hypocaloric diet in the composition of the surfactant and nonsurfactant fractions isolated from lung tissue of rat fetuses and newborns before weaning. We also explored the capacity of intraperitoneal injections of triglycerides and of inositol supplementation in drinking water to revert the effects of malnutrition. The rationale for these supplementations lies in the fact that lipids bring glycerol and fatty acids representing potential precursors for phospholipid biosynthesis (15, 16) , whereas inositol has been found to have beneficial effects on perinatal lung maturation (1 7-20).
MATERIALS AND METHODS
Animals and lung samples. Wistar rats were purchased from the Centre d'Elevage R. Janvier (St.-Berthevin, France) and were l~oused at the animal room of the Developmental Physiology Laboratory, Collkge de France, Paris. As described in detail elsewhere (21) , they were mated overnight, and on the following day (d 0 of gestation) vaginal smears were made. Sperm-positive rats were divided into two groups. Half of the pregnant rats were given, from d 0 of gestation, a normal standard diet containing 19% proteins (UAR-2 10; U.A.R., Epinay-sur-Orge, France), and the other half received an isocaloric-hypoproteic diet containing only 5% proteins, the calories provided by the proteins being substituted by an increased amount of carbohydrates. Other components, namely cellulose, lipids, and vitamins, were the same in both diets. However, we observed that rats fed the hypoproteic diet diminished their dietary intake (Table I) , receiving therefore a hypoproteic-hypocaloric regimen. For the supplementation studies, some pregnant rats received the hypoproteic-hypocaloric diet during gestation, and from the day of parturition they were given myo-inositol (Sigma Chemical Co., St. Louis, MO; 4% wt/vol) in drinking water. Pups from other litters received daily intraperitoneal injections of 0.3 mL Intralipid 20% (Kabi Vitrum, Stockholm, Sweden) starting from the day of birth. Intralipid contains purified soya oil. 20 g; purified egg lecithin, 1.2 g; glycerol, 2.25 g, and water up to 100 mL. All the litters were normalized to eight individuals on the day of birth.
For control and malnutrition assays, lungs were obtained between 1000 and 1600 h from fetuses at 20.5 and 21.5 d of gestation and from newborns at 0, 2, 5, 10, 15, and 20 d after parturition. For the supplementation experiments, lungs were collected 2 and 10 d after birth. The animals were rapidly bled by cutting the neck vessels. Their lungs were removed immediately, wiped briefly to remove blood, dropped into liquid nitrogen and then stored at -25°C until further use. The sex of the animals was determined by observation of the anal-genital distance. Three different litters and an equal number of males and females were used for each group of determinations.
Wet weight was determined on frozen lungs. Dry weight was determined after 20 h of dessication in an oven at 1 10°C.
Protein, DNA, and glycogen determinations. Total proteins Table 1 . Dailyfood intake in normal (N) and malnourished (M) pregnant and lactating rats* were determined by the Biuret method on lung homogenates and in the surfactant fractions after lipid extraction, using BSA (Sigma, fraction V) as a reference. DNA was measured on the pellet obtained after delipidation of tissue by the diphenylamine method of Burton (22), using calf thymus DNA (Sigma) as a reference. Glycogen was analyzed in lungs from 20.5-and 21.5-d-old fetuses and 0-and 2-d-old neonates by the method of Chan and Exton (23) .
Surfactant fraction isolation. Surfactant and nonsurfactant
fractions were isolated by sucrose density centrifugation, according to the method of Frosolono et al. (24) , as revised by Sanders and Longmore (25) and adapted to small size samples by Rieutort et al. (13) . The lung samples were homogenized in ice-cold 10 mM Tris-HC1 buffer, pH 7.4, containing 1 mM EDTA and 154 mM NaCI. All sucrose solutions were prepared in this buffer, and ultracentrifugations were as described previously (26) . The presumed surfactant fraction was obtained as the Frosolono's 1B band at the interface between 0.25 and 0.68 M sucrose layers (14) . It has been shown to be constituted principally of lamellar bodies (14) . A tracer dose of a radioactive 14C surfactant fraction (in vivo incorporation of IT-choline) was added to each sample to determine recovery at the end of the procedure. Nonsurfactant fraction gathered pellets and supernatants above and below the surfactant band of each centrifugation. It was composed of nuclei, mitochondria, microsomes, lysosomes, and cytosol (26) .
Plzospkolipid analysis. Lipids were extracted overnight from surfactant and nonsurfactant fractions by 4 x vol of Bligh and Dyer solution (chloroform:methanol:water 1:2:0.8, vol/vol/vol) or chloroform:methanol 2: 1 (vol/vol), respectively. Addition of trace amounts of 3H or I4C dipalmitoylphosphatidylcholine (Amersham-France, Les Ulis, France) allowed evaluation of recovery during processing and phospholipid analysis of surfactant and nonsurfactant fractions, respectively. Phospholipids were separated by two-dimensional thin-layer chromatography as previously described (27) . DSPC was extracted from total PC by the osmium tetroxide method of Mason et al. (28) . Phosphate amounts were determined after phospholipid mineralization according to Ames and Dubin (29) . Reagents and solvents of analytical grade and silica gel plates were purchased from Sigma, Merck (Darmstadt, Germany), or Prolabo (Paris, France).
Statistical methods. Developmental changes in composition
of surfactant and nonsurfactant fractions as well as those induced by malnutrition and supplementation trials were analyzed using analysis of variance. The "q" test was used to make comparisons between specific groups of data.
RESULTS
Protein-calorie malnutrition in rats during gestation and lactation resulted in a significant deficit in body weight and in wet and dry lung weights (Fig. 1 ). Relative to body weight, fetal lungs from protein-calorie malnourished rats grew at a substantially slower rate than those from fetuses whose mother received a normal diet (ratio on d 20.5: 2.7 f 0.1 as compared with 3.1 f 0.1; p < 0.05). On the contrary, lungs from malnourished rats aged 15 to 20 d after birth had an increased lung to body weight ratio relative to rats fed the normal diet (1.8 + 0.1 compared with 0.96 * 0.04; p < 0.05).
Total lung protein, DNA, and cellularity varied significantly during the period of time studied [F = 6.901(7-40), p < 0.05 for proteins; F = 6.338(7-40), p < 0.05 for DNA; and F = 13,876 (7- from 85 to 9 1 % ( n = 6; p < 0.05) in the malnourished newborns aged 0, 2, and 10 d. Malnutrition also resulted in a higher glycogen concentration on d 2 after birth, which reveals a delay in glycogen utilization (Fig. 2) . The evolution of concentrations in TPL and in various phospholipid species in the surfactant and nonsurfactant fractions of normal and malnourished rat lungs is depicted in Figure 3 and Table 3 . It should be noted that there are important variations in the phospholipid composition of these fractions during the perinatal development of the lung in the animals receiving a normal diet. There were two marked phases of surfactant phospholipid accumulation; the first one took place between gestational d 20.5 and 21.5 and the second and greatest one between birth and the 2nd postnatal day, with concentration peaking at the latter stage (Fig. 3) . These changes were statistically significant for all surfactant phospholipids [for TPL, F = 9.875(7-70), p < 0.05; for PC, F = 8.313(7-70), p < 0.05; and for DSPC, F = 25.558(7-70), p < 0.051. Two peaks were also observed in the nonsurfactant fraction at the same stages but were proportionally less pronounced, although statistically significant [for TPL, F = 12.137(7-75), p < 0.05; for PC, F = 30.659(7-76), p < 0.05; and for DSPC, F = 27.7 15(7-75), p < 0.051.
In response to the malnutrition, there was a significant increase in all phospholipid concentrations in fetuses aged 20. In the surfactant fraction, PC, DSPC, and PG were mostly affected. DSPC was reduced to 23 and 20% of TPL versus 47 and 42% in controls on the day of birth and the 10th d, respectively (Fig. 3) . PG was reduced to 2.7% of TPL versus 5.6% on the 2nd d. It was also reduced in the nonsurfactant fraction at this stage. By contrast, PG was significantly increased in both fractions on d 15. There was an apparent and transient disappearance of malnutrition effects on the surfactant fraction 5 d after birth, which was in fact a consequence of the fall in phospholipid concentrations in normal lungs at this age. Total protein content of surfactant fraction was also reduced during fetal stages and 2 and 5 d after birth (data not shown). In the nonsurfactant fraction, sphingomyelin, phosphatidylserine, and phosphatidylethanolamine, which are found predominantly in membranes, were mostly influenced (Table 3 , d 0, 5 and 10). DSPC was proportionally less affected than it was in the surfactant fraction (Fig. 3) .
Malnourished rats treated with lipid supplementation showed an increased lung protein concentration 2 d after birth and a decreased glycogen concentration when compared with untreated malnourished rats (Table 4) . Surfactant phospholipids as well as nonsurfactant phospholipids, however. remained significantly decreased in newborn rats aged 2 d (Tables 5 and 6 *. Significant difference from controls ( p < 0.05).
P C concentrations in surfactant, although there was not full restoration to normal values (Table 5) . Inositol treatment of malnourished rats resulted in lowered lung weight, higher protein concentration, and decreased glycogen content when compared with lungs of untreated malnourished rats (Table 4) . Surfactant phospholipid analysis revealed that concentrations of all phospholipids were almost restored to normal values by inositol treatment at both stages (Table 5) . Phospholipid concentrations in the nonsurfactant fraction were decreased by inositol treatment 2 d after birth but increased in young rats aged 10 d (Table 6 ).
DISCUSSION
Pulmonary surfactant, which prevents the collapse of alveoli during expiration and the filling of alveoli with transudate from the capillaries, is composed of phospholipids, of which the principal component both quantitatively and functionally is DSPC, and proteins, which also play an important functional role. Malnutrition interferes with lung oxidative metabolism and precursor availability and, therefore, should decrease synthesis of surfactant components. Previous studies have explored changes in the composition of whole lung tissue. The aim of the present study was to determine more specifically changes in the composition of an isolated surfactant fraction induced by a hypoproteichypocaloric diet in rat fetuses and newborns before weaning and to explore the putative restoring effects of inositol and a neutral lipid mixture supplementation.
Fetuses and newborns from malnourished mothers had strongly diminished body and lung weights, as had been reported previously (4, 5, 8) . Similar protein and DNA concentrations were found in normally fed and malnourished rats at most of the ages studied, implying that the cellularity of the lungs was little affected. However, on d 20.5 of gestation, fetal lungs were hyperplastic in malnourished litters, whereas on d 2 after birth the cell size was reduced in spite of unchanged number, and on d 15 after birth there were hypocellularity and cell enlargement. No changes in the cellularity of malnourished fetal lungs had been observed by Rhoades and Ryder (5). Kalenga and Henquin (9, 10) had reported that lungs from malnourished rats contain the same number of cells as normal lungs, but that the cells are of a smaller size, which corresponds to the situation encountered on the 2nd postnatal day in the present study. Our results also show that malnutrition slows down the mobilization of lung glycogen stores after birth, which is consistent with the previous findings by Curle and Adamson (3) . This delay in glycogen breakdown with possible reduction of glycogen utilization for providing precursors of surfactant lipids (26, 27) appears to reflect a delay in perinatal lung biochemical maturation. Changes in water content suggest that malnutrition also decreased lung fluid reabsorption at birth.
It has been previously reported that food restriction, even for a small period of time, severely affects lung mechanics and surfactant synthesis, especially during development (4, 5, 9, 10).
In other words, fetuses and newborns with increasing surfactant pool are affected the most, whereas adult mature lungs seem to resist better the effects of malnutrition (6, 7, 25) . A significant increase in lung surfactant phospholipids, particularly DSPC and PG, was found, however, in 20.5-d-old malnourished fetuses, which reflects a transiently accelerated lung maturation. This may result from a fetal stress induced by malnutrition, inasmuch as mediators released during stress are well known to accelerate lung maturation. Although this stress is probably sustained. lungs from malnourished rats appear no longer to be able to follow the maturational rhythm after this stage, particularly after birth, possibly because they are no longer protected by maternal compensatory mechanisms. We found a multiphasic pattern for the effects of malnutrition on surfactant and nonsurfactant phospholipids that probably reflects the alternation of phases of rapid growth and surfactant synthesis described to occur during perinatal lung maturation (2 l, 30) . Peculiarly, intense synthesis phases are illustrated by the increase in surfactant phospholipid concentration seen in normal rats on d 21.5 of gestation and 2 d after birth. The surfactant fraction was mostly affected in malnourished lungs during these synthesis phases around birth, and the nonsurfactant fraction was mostly altered during the growth phases, particularly on d 5 postpartum. Furthermore, the apparent recovery in surfactant phospholipid concentrations in malnourished lungs 5 d after birth seems to be due to a decrease in the relative content of these components in the normal lung rather than to an increased synthesis in the malnourished animals. In contrast, an actual recovery of phospholipid concentration in surfactant from malnourished rats seemed to take place on d 15 to 20 after birth, despite the persistent growth deficit. Although no functional evaluation of surfactant was made, it should be underlined that DSPC, the main functionally active component of surfactant, was the most affected in the surfactant fraction. With a similar diet, a reduced compliance of the lung of rat pups has been previously evidenced (9) . which was likely related to reduced surfactant DSPC content. By contrast, sphingomyelin, phosphatidylserine, and phosphatidylethanolamine, which are known to be more abundant in membranes, were the most influenced components in the nonsurfactant fraction. It should also be pointed out that, whatever the changes in surfactant component concentrations, the total amount of material per lung was considerably reduced at all stages, which reflects a profoundly diminished phospholipid biosynthetic potential. The more marked changes in surfactant compartment as compared with extrasurfactant pools of phospholipids indicate a greater susceptibility of surfactant biosynthesis to malnutrition.
In supplementation trials, we investigated the effects of triglycerides. because these molecules bring glycerol and fatty acids, 634 GUARNE these experimental groups and untreated malnourished or control rats (see Table 2 ) was achieved through analysis of variance. "q" test was ~~s e d to make comparisons between specific groups of data and the difference was considered significant when p < 0.05. Body weight and lung wet weight were not increased by supplementation trials. There were significant changes in lung proteins, DNA, and glycogen. There was a decrease in DNA on d 10 with Intralipid treatment and an increase in lung proteins at both ages with both inositol and Intralipid treatments. Glycogen was down to normal levels when compared with untreated malnourished rats (see Fig. 2 ). representing potential precursors for synthesis of surfactant phospholipids. Lung possesses a very active lipoprotein lipase and is the first organ to receive chylomicrons from the digestive tract (15) . When lipids were injected into the newborns, we did not find any recovery of surfactant components on the 2nd postnatal day. This may be due to the fact that exogenous fatty acids are not as easily incorporated into surfactant components as endogenous fatty acids (16) . In addition, the parenteral mode of administration was possibly not the most optimal route for lipid assimilation. Intralipid was indeed designed for i.v. administration, but this route was not practicable in newborn rats. A partial recovery was, however, seen on the 10th d. Although this may not result from the nutritional modification caused by Intralipid because of the unusual mode of injection, the observation suggests a potential usefulness of this supplementation.
Inositol supplementation reverted the effects of malnutrition on surfactant phospholipid composition but did not affect its protein concentration. Myo-inositol is a six-carbon sugar alcohol that is as abundant as glucose in adults. In newborns and fetuses, its concentration is 2 to 100 times higher than in adults. It has been shown that inositol exerts a trophic action and increases surfactant DSPC concentration in human newborns (1 8, 20) . It also reduced mechanical ventilation requirements and decreased the number of deaths in preterm infants suffering from bronchopulmonary dysplasia (19) . In our experiments, inositol not only increased surfactant phospholipid concentrations but also diminished glycogen concentration, i.e. it increased its utilization presumably for surfactant biosynthesis (26) . Supplementation studies suggest that the lung of the malnourished rat poorly uses exogenous precursors for surfactant lipid biosynthesis, probably because of an overall reduced anabolic activity. Inositol, which exerts a trophic influence, may have stimulated surfactant biosynthesis without providing direct precursors. The alternative possibilities that inositol increased maternal food intake or was itself metabolized cannot be ruled out, however. Inositol has the potential to be converted to glucuronic acid, thus serving as a caloric source. Whatever its actual mode of action, inositol nevertheless appears to be a stimulus for phospholipid biosynthesis in the malnourished rat pup.
It is concluded that there are considerable alterations in the composition of surfactant material isolated from fetal and neonatal rat lung tissue as a result of a hypoproteic-hypocaloric diet. DSPC, the major active component, is particularly affected. The reduction is especially marked at birth when respiration is established. As far as these results can be extended to humans, they may have important consequences for respiratory function, especially if prematurity is associated with malnutrition. Inositol supplementation reverted the effects of malnutrition on phospholipid surfactant composition. The study points out the potential advantage of inositol as an additive to the diet of premature and malnourished infants, in addition to the correction of nutritional deficits.
